The initiation of flowering is a crucial trait that allows temperate plants to flower in the favourable conditions of spring. The timing of flowering initiation is governed by two main mechanisms: vernalization that defines a plant's requirement for a prolonged exposure to cold temperatures; and photoperiod sensitivity defining the need for long days to initiate floral transition. Genetic variability in both vernalization and photoperiod sensitivity largely explains the adaptability of cultivated crop plants such as bread wheat (Triticum aestivum L.) to a wide range of climatic conditions. The major genes controlling wheat vernalization (VRN1, VRN2, and VRN3) and photoperiod sensitivity (PPD1) have been identified, and knowledge of their interactions at the molecular level is growing. However, the quantitative effects of temperature and photoperiod on these genes remain poorly understood. Here it is shown that the distinction between the temperature effects on organ appearance rate and on vernalization sensu stricto is crucial for understanding the quantitative effects of the environmental signal on wheat flowering. By submitting near isogenic lines of wheat differing in their allelic composition at the VRN1 locus to various temperature and photoperiod treatments, it is shown that, at the whole-plant level, the vernalization process has a positive response to temperature with complex interactions with photoperiod. In addition, the phenotypic variation associated with the presence of different spring homoeoalleles of VRN1 is not induced by a residual vernalization requirement. The results demonstrate that a precise definition of vernalization is necessary to understand and model temperature and photoperiod effects on wheat flowering. It is suggested that this definition should be used as the basis for gene expression studies and assessment of functioning of the wheat flowering gene network, including an explicit account of the quantitative effect of environmental variables.
Introduction
In many plant species, the transition from vegetative to reproductive development is irreversible and the timing of this transition is critical for adaptation to their climatic environment and to their reproduction success. Accordingly, plants have evolved mechanisms to control flowering time in response to environment and thus coordinate flowering with favourable seasons (Michaels and Amasino, 2000) . In crop species such as bread wheat (Triticum aestivum L.) which accounts for about one-third of the total world grain production (Shewry, 2009) , this trait has also been under strong genetic selection during domestication and breeding. The adaptability of wheat to a wide range of environmental conditions is attributable to the large variability which exists for the genes controlling flowering time (Cockram et al., 2007) . Wheat precocity, defined as the time needed for a plant to reach flowering, is the phenotypic product of several interacting processes which are under both genetic and environmental controls. Classically, precocity is divided into three components: vernalization requirement, photoperiod sensitivity, and earliness per se (or narrow-sense earliness; Kato and Yamagata, 1988 ) that defines precocity variability not accounted for by vernalization requirement and photoperiodic sensitivity.
The major genes controlling vernalization and photoperiod sensitivity have been identified, and important progress has been made in recent years in understanding their interactions at the molecular level (see reviews by Trevaskis et al., 2007a; Distelfeld et al., 2009; Trevaskis, 2010) . Genetic analyses have identified three main genes associated with the vernalization response in wheat: VRN1, VRN2, and VRN3 (Dennis and Peacock, 2007) . The key temperature response gene is VRN1. Its induction during vernalization is paralleled by a repression of the VRN2 gene (Yan et al., 2004) . VRN2, a repressor of flowering, is active only under long photoperiods (Trevaskis et al., 2006) and, whilst expressed, prevents the long day induction of VRN3 . The latter process defines photoperiodic sensitivity and is controlled upstream by PPD1. Once induced by long days, VRN3 accelerates the reproductive development of the apex. Trevaskis (2010) has recently proposed a genetic network model of wheat flowering regulation involving these genes, which seems to be robust enough to explain the large amount of experimental data published so far in the molecular physiology literature. In particular, this model allows for the resolution of the debate on the relative position of VRN3 and VRN1 within the network (see Distelfeld et al., 2009; Shimada et al., 2009) by introducing differential interactions between these genes depending on the organ, namely the leaf or shoot apex (Trevaskis, 2010) . This model supports the idea of VRN1 being a flowering signal (or the signal precursor) that promotes apex transition to reproductive development (Loukoianov et al., 2005; Hemming et al., 2008; Sasani et al., 2009) . Effects of variation at the VRN1 locus on wheat precocity have been recognized for a long time (Halloran, 1967; Law et al., 1976) , and it is one of the main sources of genetic differences in wheat precocity (Loukoianov et al., 2005; Zhang et al., 2008) . Being allohexaploid, wheat carries three homoeologous copies of the VRN1 gene, designated Vrn-A1, Vrn-B1, and Vrn-D1. A single dominant spring (Vrn) allele at any of these loci is sufficient to confer a spring growth habit (Stelmakh, 1987) , namely the capacity to flower without vernalization treatment. Large precocity differences have been observed between spring lines differing by the presence of the dominant Vrn1 allele on either the A, B, or D genome (Stelmakh, 1993 (Stelmakh, , 1998 . It is nevertheless still unclear whether these phenotypic variations originate from residual vernalization requirements in spring alleles or from other processes (Halloran, 1967; Kato and Yamagata, 1988; Trevaskis et al., 2003) .
More generally, the exact nature of the environmental signal controlling VRN1 in wheat and the genetic network regulating its quantitative expression are still largely unknown. Several attempts were made to formalize the environmental control of wheat vernalization at the ecophysiological level as early as the 1960s (Chouard, 1960) , but the most comprehensive quantitative analysis of wheat development so far was proposed by Kirby and colleagues (Kirby, 1974 (Kirby, , 1990 Hay and Kemp, 1990; Hay and Kirby, 1991) . These authors offered a new conceptual framework to study the quantitative nature of vernalization. The core idea of this framework is based on a clear separation of temperature effects on plant development and on vernalization per se. As illustrated in Fig. 1 , plant development characterized by the leaf emergence rate (or phyllochron) and primordium initiation rate (or plastochron) is strongly coordinated and governed by temperature in a linear fashion. The initiation of the first floral primordium is a key event in the plant life cycle, marking the transition from vegetative to reproductive development. This transition sets, early in the plant's development, the total number of leaves (final leaf number) that will emerge on the main stem before flowering. The timing of this transition is dependent on genetically determined responses to environmental factors (photoperiod and temperature) (Brooking, 1996; Robertson et al., 1996; Brooking and Jamieson, 2002) . Within this framework of Brooking et al., both vernalization requirements and photoperiodic sensitivity relate exclusively to the temperature-and photoperioddriven processes that affect the timing of the initiation of the first floral primordium. In particular, vernalization reduces the duration of leaf primordia initiation and, thus, the main shoot final leaf number. A clear protocol to quantify the effects of environmental factors on the vernalization rate was provided by Brooking (1996) , Robertson et al. (1996) , and Brooking and Jamieson (2002) . It was then clearly demonstrated that (i) the vernalization rate has a positive linear response to temperature in the 0-8°C range followed by a plateau (Brookings and Jamieson, 2002) ; and (ii) a long photoperiod during vernalization modifies vernalization rates only for temperatures >8°C (Brookings and Jamieson, 2002) . The present study originated from the observation that the mechanistic conceptual framework developed by Brooking and coworkers remained largely unknown in the active community studying vernalization at the molecular level. Here this conceptual framework is used to assess the effect of the allelic composition at the VRN1 locus on the vernalization response to temperature and photoperiod. Near isogenic lines (NILs) of wheat in the 'Triple Dirk' (TD) background, differing in their allelic composition at the VRN1 locus, were grown in growth chambers under different temperature and photoperiod regimes and for various durations. Phenotypic effects of the treatments were assessed by measuring time to anthesis and final leaf number, and this allowed measurement of the quantitative effect of temperature and photoperiod on vernalization rates for the different genotypes. Phenotypic data obtained with the winter NILs allowed the conclusion of Brookings et al. about the positive effect of temperature on vernalization rate to be restated. In addition, it was clearly shown that phenotypic differences between the different spring lines were not linked to remaining vernalization requirements. The interest in using such a mechanistic framework is also discussed with regard to the increasing amount of data obtained at the molecular level.
Materials and methods

Plant material
Seeds of wheat lines with the eight possible allelic combinations at the three homoeologous VRN1 loci in a TD genetic background were kindly provided by Dr Jason Reinheimer (University of Adelaide, Australia). These lines were created by crossing two of the TD isogenic lines bred by Pugsley (1971 Pugsley ( , 1972 that are complementary for the VRN1 loci. A double haploid population was then developed from this cross and genotyped for the three Vrn-1 loci to select all eight combinations in the TD background. For clarity, the lines have been renamed according to their allelic composition on the A, B, and D genomes, with upper case letters indicating dominant spring alleles and lower case letters indicating recessive winter allele. One winter line, TD abd (vrn-A1, vrn-B1, vrn-D1), and seven spring lines, TD Abd (Vrn-A1, vrn-B1, vrn-D1), TD aBd (vrn-A1, Vrn-B1, vrn-D1), TD abD (vrn-A1, vrn-B1, Vrn-D1), TD ABd (Vrn-A1, Vrn-B1, vrn-D1), TD AbD (Vrn-A1, vrn-B1, Vrn-D1), TD aBD (vrn-A1, Vrn-B1, Vrn-D1), and TD ABD (Vrn-A1, Vrn-B1, Vrn-D1) were studied. Genotyping at the Vrn-1 locus was performed to check the allelic combination of each line by using homoeologous-specific primers developed on sequences available for the winter and spring alleles (Fu et al., 2005) . The lines were also genotyped at the PPD-D1 locus; all lines carried the dominant Ppd-D1 allele, providing photoperiod insensitivity. The degree of isogenicity of each line was estimated by using Diversity Arrays Technology (DArT; Triticarte Pty Ltd, Canberra, Australia; http:// www.triticarte.com.au) as previously described (Wenzl et al., 2004; Akbari et al., 2006) . Of 816 DArT markers without missing data, 82% (including markers on group 5 chromosomes carrying the Vrn-1 genes) were common to the eight lines.
Growth conditions
All experiments were carried out at the Martonvásár Phytotron facility (Martonvásár, Hungary). A complete description of the phytotron can be found in Tischner et al. (1997) . Plants were germinated in 434 cm Jiffy pellets (Jiffy Group, Oslo, Norway; http://jiffypot.com) for 24 h at room temperature (;20°C), for 4 d at 4°C, and again for 24 h at room temperature to ensure homogeneous germination. Germinated plants were then transplanted to larger pots filled with soil (diameter 10 cm; height 30 cm) with two plants per pot and transferred into vernalization growth chambers (PGV-36; Conviron, Manitoba, Canada; http:www.conviron.com) with a photosynthetic photon flux density of 270 lmol m À2 s À1 . The vernalization treatments were combinations of vernalization temperatures (1, 5, 8, 11, and 18°C) and durations (0, 10, 20, 30, 40, 50, 60, 70, and 80 d) . For the 11°C and 18°C treatments, two daylength treatments were used: a short daylength treatment with an 8 h photoperiod and a long daylength treatment with a 16 h photoperiod. The long photoperiod effect was not tested with all temperature treatments for practical reasons, and on the basis of previous knowledge indicating that photoperiod affects vernalization only at high temperature (Brooking and Jamieson, 2002) . Six plants were used as replicates for each treatment. Plants of the treatments of different durations were put into vernalization chambers at 10 d intervals (starting on 9 January 2009) in order to end their vernalization treatment on the same day (6 April 2009). The temperature in all chambers was then increased over 2 d in order to reach 25°C following a linear increase. After vernalization, all the plants were transferred to growth chambers (Conviron PGB-96) under fully inductive conditions: long daylength (16 h photoperiod), 25°C constant temperature, and photosynthetic photon flux density of 270 lmol m À2 s À1 until flowering. The experiment stopped on 26 June 2009 which represents 2000°Cd under fully inductive conditions. Water was added in order to ensure non-limiting growth of the plants. In each growth chamber, air and soil temperatures were recorded every 30 min by using a CR1000 data logger (Campbell Scientific Ltd, Loughborough, UK; http://www.campbellsci.co.uk) with (primordia) is approximately twice the phyllochron (leaves); for example, for every leaf, two primordia emerge from the apex. Concomitantly, temperature affects vernalization independently of development. Once vernalization is complete, floral initiation occurs and all primordia subsequently produced will have a floral identity. The final leaf number is therefore determined early in wheat development. Precocity is thus a composite process depending on two independent processes both under the control of temperature.
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Measurements
The plants were observed every 200°Cd to determine their decimal leaf stage (Haun, 1973) . All notations were made exclusively on each plant main stem. For every three leaves, the youngest leaf was marked with red paint to track the total number of leaves appearing. The date of flowering was recorded when anthers were visible on at least 50% of the plants. The total number of leaves that had emerged at flowering on the main stem will be referred to as 'final leaf number' hereafter. Plants that did not flower after 2000°Cd under fully inductive conditions were reported as 'non-flowering'. The rate of development was expressed in thermal time calculated as the sum of the daily mean air temperature after sowing with a base temperature of 0°C. As the differences between air and soil temperature were negligible in all treatments, air temperature was used as a unique proxy for apex temperature.
Determination of vernalization saturation
In a given temperature3photoperiod treatment, the treatment duration necessary to attain vernalization saturation is the duration for which the final leaf number is the lowest (Brooking, 1996) . When observing the effect of increased vernalization treatment duration on a winter type genotype, the final leaf number will decrease up to a certain point. Once this minimum is reached, prolonged vernalization treatments may, on the contrary, increase the final leaf number. This relates to the photoperiodic sensitivity of the genotype and the short photoperiod imposed during the vernalization treatment. The exact duration leading to vernalization saturation can be more easily quantified by comparing the final leaf number with the number of primordia initiated on the main shoot apex at the end of the vernalization treatment. When these two variables are equal, it means that transition of the apex to the reproductive state occurred soon after the treatment ended (Robertson et al., 1996) . The vernalization rate (V r ) is then calculated as the inverse of this duration:
Accurate observation of the kinetics of the number of primordia on the shoot apex is time consuming and requires many plant dissections, and was thus not possible in this study. The number of leaf primordia was estimated from the number of leaves that had emerged by using the relationship proposed by Kirby (1990) and modified on the basis of the data from Brooking and Jamieson (2002) . Four primordia are already present in the embryo and approximately two primordia are produced per emerged leaf (Brooking and Jamieson, 2002) . The number of initiated primordia (PN) was calculated from the decimal leaf stage (LS) at transfer as follows:
While the robustness of such a metric relationship has been proved to be efficient to assess temperature effects on the vernalization rate on a single genotype (Brooking and Jamieson, 2002) , the genetic variation observed by these authors for the relationship between plastochron and phyllochron may be problematic when comparing different genotypes. This issue will be looked at in more detail in the Discussion.
Statistics
For a given genotype-vernalization temperature combination, differences in the final leaf number due to the duration of vernalization treatment were analysed by using one-way analysis of variance (ANOVA) followed by Tukey's honestly significantly different (HSD) test. The vernalization duration for which the number of primordia which had emerged equalled the final leaf number was determined by comparing these two variables for each treatment with a paired t-test. All statistical procedures were performed by using R version 2.9.2 (R Development Core Team, 2009; http://cran.r-project.org/bin/windows/base/old/2.9.2/). The raw data set is freely available upon request from the corresponding author.
Results
TD abd responded quantitatively to vernalization treatments
The winter line, TD abd , responded to all the vernalization treatments used in this study (Fig. 2) . Unvernalized TD abd plants did not flower over the course of the experiment. The minimal vernalization duration necessary to induce flowering was temperature dependent. Plants from the 1°C-short daylength treatment flowered only after at least 30 d of vernalization, but 10 d were sufficient for flowering under the 11°C-short daylength treatment. An absence of flowering was associated with a large number of emerged leaves (not reported in Fig. 2 , because the final leaf number was not reached during the experiment). An increase in the vernalization duration of TD abd led to a reduction in the final leaf number (Fig. 2) . This finding was particularly obvious under the 11°C-short daylength treatment, where the shortest vernalization duration (10 d) produced plants with 14 leaves whereas the plants treated for 30 d produced only 10 leaves (Fig. 2D) .
The long photoperiod clearly increased the duration of vernalization treatment necessary to induce flowering (Fig. 2) . Under the long daylength, plants flowered after 30 d and 40 d of vernalization under 11°C and 18°C, respectively, whereas they flowered after only 10 d of vernalization with the same temperature treatments under the short daylength (Fig. 2) . Under the 8°C-short daylength, 11°C-short daylength, and 18°C-short daylength treatments, an increase in the vernalization duration led to a small but statistically insignificant increase in the final leaf number (Fig. 2) .
Concomitantly, the calculated total number of leaves plus leaf primordia which had emerged at the end of the vernalization treatment increased with the vernalization duration in a relatively linear fashion (Fig. 2) . The intersection of the two lines corresponded to the duration of the vernalization treatments at the end of which all initiated primordia had a vegetative fate. This point defines the vernalization saturation (vertical arrows in Fig. 2 ). On the basis of the conceptual framework defined by Brooking (1996) , the vernalization rate is calculated as the inverse of this duration (Fig. 3A) . Under the short daylength, the vernalization rate of the TD abd line increased from 0.016 d À1 at 1°C to 0.033 d À1 at 8°C (Fig. 3A) . This corresponded to full vernalization after 62 d and 33 d at 1°C and 8°C, respectively. Above 8°C, the vernalization rate remained constant until 18°C, which was the maximum temperature tested in this study (Fig. 3A) . Under the short daylength, the final leaf number increased linearly with temperature (Fig. 3 ) from a minimum of eight leaves at 1°C to 12 leaves at 18°C. At 11°C, the vernalization rate was unaffected by daylength, but, at 18°C under the long daylength, the vernalization rate dramatically decreased compared with the short daylength (Fig. 3) . The total leaf number was higher under the long daylength than under the short daylength, particularly at 18°C. 
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With the exception of the TD aBd line, none of the spring lines responded to vernalization treatments
The seven spring lines flowered without any vernalization treatment. For the three spring lines with a single spring allele (TD Abd , TD aBd , and TD abD ), no significant decrease in the final number of leaves was observed as the vernalization duration increased (Fig. 4) , except for the TD aBd line, which exhibited a reduction of approximately two leaves for vernalization treatments >20 d under all temperature treatments (Fig. 4C, D) . Conversely, all lines exhibited a small but significant increase in their final leaf number with increased vernalization duration above a certain point. The four other spring lines had similar behaviour to TD Abd and TD abD (data not shown).
In the absence of vernalization treatment, the spring lines produced different final leaf numbers, and three groups could be identified (Fig. 5A) . The four lines carrying the dominant spring allele at the Vrn-A1 locus produced seven leaves, whereas the two lines carrying the recessive winter allele at the Vrn-A1 locus and the dominant spring allele at the Vrn-D1 locus (TD abD and TD aBD ) produced eight leaves; the line with only one dominant spring allele at the Vrn-B1 locus produced 9.6 leaves. The same groups of lines could be identified in terms of the thermal time between sowing and anthesis (Fig. 5B) . Thus, the allelic composition at the VRN1 locus determined four precocity groups representing one winter and three spring classes.
Discussion
Precocity but not vernalization is a response to cold temperature
The results obtained in this study with the winter line (TD abd ) carrying recessive alleles at the three VRN1 homoeologous loci show that the rate of acquisition of floral identity displays a positive quantitative response to temperature in short days. The vernalization rate linearly increased between 1°C and 8°C, and remained at the maximum under the short daylength at least up to 18°C. The plants were thus vernalized faster at 18°C than at 1°C. Stated in terms of duration, this means that the number of days necessary to reach the floral transition is shorter at 18°C than at 1°C. This contrasts with the effect of temperature on the time of anthesis (i.e. precocity), with plants flowering earlier after vernalization at 1°C than at 18°C. Thus, although floral initiation is reached sooner at high temperatures, this is largely overridden by the higher number of leaf primordia which appeared before initiation. The negative temperature effect on precocity is therefore only the emerging property of the differential but positive temperature effects on both the organ appearance rate and on the process governing organ identity. This key result was already clearly stated in the work of Brooking et al. (Brooking, 1996; Robertson et al., 1996; Brooking and Jamieson, 2002) but, from our point of view, stayed largely unused in the community studying vernalization at the molecular level. Vernalization should refer only to temperature-driven changes in the rate of acquisition of the floral identity (time to floral initiation) so that temperature effects on floral identity determination can be studied without the confounding effects on organ appearance. The use of a clear definition of the vernalization process would thus open the way towards the understanding of quantitative effects of temperature on vernalization at the molecular level. In particular, it is often stated in vernalization studies that it is still unknown how plants sense cold (Amasino and Michaels, 2010; Trevaskis, 2010) . The present results suggest that the cold-induced delays in flowering do not necessarily imply any kind of cold sensing at the molecular level since the acceleration of anthesis observed under low temperature results from differential but positive effects of temperature on organ appearance rate and on the acquisition of the floral identity of the meristem.
Vernalization is modulated by photoperiod
The natural variation in the response to photoperiod in wheat is mainly determined by allelic differences at the PPD1 locus . This gene has a key role in the daylength-flowering time response pathway whose interaction with the vernalization-flowering time response pathway is well documented (Trevaskis et al., 2007a; Distelfeld et al., 2009) . The genetic material used in the present study carries the Ppd-D1 allele providing photoperiod insensitivity. A long photoperiod was not compulsory for floral initiation in any of the TD genotypes since floral transition was generally attained before the transfer under long photoperiod conditions. Wheat response to photoperiod also occurs independently of the daylength-flowering time response pathway through a direct effect of photoperiod on the vernalization process. Previous work indicates that the vernalization requirement of some winter wheat genotypes can be eliminated or greatly reduced by a prolonged exposure to short photoperiods (Chouard, 1960; Evans, 1987; Dubcovsky et al., 2006) . The process is often referred to as short day vernalization. Here it is show that the photoperiodic effect on the vernalization rate is likely to involve a quantitative interaction with temperature rather than a complete replacement of the vernalization requirement. Under short days, the winter line (TD abd ) still exhibited a vernalization need, as shown by the temperature dependency of the process.
The relationship between temperature and photoperiod has a strong interactive nature, with long days affecting the vernalization rate under the higher temperature treatment (18°C) but not at 11°C. The present study unfortunately does not provide data obtained under long days for temperature below 11°C. However, an experiment with a similar set-up, but with lower temperatures, and with results in good agreement with those of the present study for the treatments combinations available in both studies can be found in Brookings and Jamieson (2002) . These authors clearly demonstrated that vernalization rates at low temperature were not affected by photoperiod. It is thus hypothesized that the vernalization rate increases with temperature independently of photoperiod in the 0-11°C range. For temperatures higher than 11°C, the photoperiodic effect becomes significant with: (i) a vernalization rate decreasing to 0 at 18°C under long days; and (ii) a steady maximal value under short days. The effect of intermediate (i.e. 12 h) daylength on the temperature dependency of the vernalization rate was not tested here. It seems likely that this interaction also has a quantitative nature, but this remains to be tested.
The complex interaction between temperature and photoperiod may have led to a misunderstanding about the nature of the vernalizing signal. Numerous studies at the molecular level have been based on experimental treatments comparing plants submitted to cold temperatures under short photoperiods with controls under fully inductive conditions with high temperatures under longer photoperiods (e.g. Danyluk et al., 2003; Yan et al., 2003; Trevaskis et al., 2007b; Sasani et al., 2009) . The absence of flowering observed in the latter case usually leads the authors to conclude that high temperatures do not allow vernalization. The present results clearly showed that studies that do not account for the effects of interactions between temperature and photoperiod on the vernalization rate provide unreliable conclusions on both the cold temperature response of vernalization and the short day replacement of vernalization. The comparison between effects of high temperature at short versus long photoperiods has been associated with a replacement of the vernalization requirement by a short photoperiod as postulated in Dubcovsky et al. (2006) . Based on the present results it seems clear that short days do not replace vernalization requirement sensu stricto, but modify the temperature effect on the vernalization rate (Fig. 3) . Very importantly, these results are in good agreement with previous studies showing similar relationships in another genetic background (Brooking and Jamieson, 2002) . Therefore, it seems unlikely that the results presented here originate from interactions between the VRN1 allelic composition and other main developmental genes and/or putative unknown genes affecting plant development.
Implications for the VRN1 spring alleles
The phenotyping method used herein together with a definition of the vernalization process that disentangles temperature effects on plant development and vernalization per se proved particularly useful to analyse the effects of the VRN1 homoeologous spring alleles and their interactions. As previously stated, a single dominant (Vrn) allele at the VRN1 locus is sufficient to confer a spring growth habit (Stelmakh, 1987) . Nevertheless, large precocity differences are generally observed between the different spring lines. The allele ranking observed here for flowering precocity was Vrn-A1 > Vrn-D1 > VrnB1. Vrn-A1 has unequivocally been shown to produce earlier genotypes (Stelmakh, 1993 (Stelmakh, , 1998 Trevaskis et al., 2003; Loukoianov et al., 2005; Zhang et al., 2008; Yoshida et al., 2010) . The relative ranking of the Vrn-B1 and Vrn-D1 spring alleles has not been so clearly established, but it is often reported that Vrn-D1 induces earlier flowering than Vrn-B1, in studies using the NILs of TD (Yoshida et al., 2010) or NILs in various genetic backgrounds (Stelmakh, 1993 (Stelmakh, , 1998 .
Two main conclusions can be drawn about the determinism of the phenotypic variability observed for the different spring alleles. First, while it is observed that the time to anthesis is shortened when the plant carries a strong spring allele (Vrn-A1) rather than weak alleles (Vrn-B1 and Vrn-D1), the results do not indicate that lines carrying Vrn-B1 or Vrn-D1 are semi-spring wheat, as mentioned in some studies (Trevaskis et al., 2003; Yoshida et al., 2009) . Vrn-A1 and Vrn-D1 spring lines have no residual vernalization requirement, contrary to what has been postulated in the literature (Halloran, 1967; Kato and Yamagata, 1988; Trevaskis et al., 2003) . For example, prolonged vernalization of the TD Abd and TD abD lines did not lead to any reduction in the final leaf number and/or in the thermal time needed to reach anthesis. This was also observed for the four lines carrying two or three spring alleles. The lack of phenotypic response to the duration of the vernalization treatment clearly suggests that the acquisition of the flowering competence in spring lines is not temperature dependent, implying a temperature-independent expression of the VRN1 dominant spring alleles.
Secondly, the differences in precocity provided by the three homoeoalleles are driven by differences in leaf number, implying either genetic differences in floral initiation attainment rate, or genetic differences in the plastochron/phyllochron relationship leading to differing numbers of emerged primordia at a given leaf stage. The latter cannot be tested in the present study since the kinetics of primordia emergence were not measured. Clearly, the genetic effect on leaf emergence-primordium initiation coordination should be investigated further, but available data plead for the first hypothesis (i.e. differences in the floral initiation attainment rate), since differential basal expression levels of the different spring alleles have already been observed with the following ranking Vrn-A1 > Vrn-B1 > Vrn-D1 (Loukoianov et al., 2005) .
Only TD aBd showed a small but significant reduction in leaf number with prolonged vernalization. Because Vrn-B1 was, in the present data set, the weakest spring allele, it was speculated that the apparent response to the duration of the vernalization treatment is an expression of the contribution of the recessive vrn-A1 and vrn-D1 winter alleles. The results are consistent with the idea that the expression of the recessive VRN1 alleles increases with prolonged vernalization treatment and may lead to a significant participation in the attainment of a VRN1 transcript level threshold leading to flowering (Loukoianov et al., 2005) .
The results obtained with the lines carrying two or three spring alleles clearly show that the effect of the different homoeoalleles is not additive. In all cases, both the leaf number and the anthesis date of these genotypes were not significantly different from those of the genotype carrying the strongest spring allele alone. This suggests that VRN1 homoeologous gene expression is a tightly controlled process, probably involving gene silencing (Bottley et al., 2006) and/or a reciprocal regulation between homoeoalleles. Indeed, Halloran (1967) using Chinese Spring (vrn-A1, vrn-B1, Vrn-D1) multisomic 5D lines showed that multiple copies of the same homoeoalleles (Vrn-D1) can accelerate flowering, suggesting that such regulation is specific to interactions of homoeologous genes.
Conclusion
In the present study, a phenotyping approach to wheat flowering was used, allowing the separation of the effects of temperature on plant development and on flowering initiation as proposed by Brooking and co-workers. Emphasis was placed on the interest in using such a clear definition to investigate the quantitative effects of environmental cues on vernalization. It is believed that the results presented here should be a basis for gene expression studies aiming at a better understanding of the gene network controlling wheat flowering. The quantitative effects of environmental cues on main gene expression should be explicitly studied, offering the possibility of a quantitative assessment of allelic variability in multiple genetic backgrounds. In particular, the investigation of the interaction between the allelic variation at loci governing the vernalization process and loci involved in photoperiod sensitivity (PPD1) offers great prospects.
A convergence between ecophysiological studies of the effects of environmental variables on plant floral transition and studies that aim to understand gene interactions at the molecular level is critical for a more comprehensive knowledge of the flowering process. More generally, this study pleads for a more systematic confrontation of our growing understanding of complex plant processes at the molecular level with the concepts inherited from ecophysiology.
